ABSTRACT. The spatial relationship between the distribution of indigenous bacteria (IB) and the situation of mucosal lymphatic follicles (LF) is histoplanimetrically studied in the rat alimentary tract. From the oral cavity to the nonglandular part of the stomach, IB adhered to the corneal layer of the most luminal mucosa. In the glandular part of the stomach, IB adhered only to the most luminal mucosa but not in the gastric pits. In the small intestine, IB consistently adhered around the apices of both intestinal villi and the domes, and their amounts decreased toward their basal portions. No IB entered the intestinal crypts. In the large intestine, IB consistently adhered to the most luminal mucosa. Numerous IB were suspended in the intestinal crypts of both the cecum and the proximal colon, whereas there were no IB in the crypts of the distal colon and the rectum. When IB spread over the basal portions of the intestinal villi, IB with the same morphology were detected on the neighboring LF, whereas no bacteria were detected on the neighboring LF, when IB were located in the apical to middle portions of the intestinal villi. This close relationship between the distribution of IB and mucosal LF was also observed in the large intestine. These results suggest that the most luminal mucosae are a fundamental settlement site of IB throughout the alimentary tract and that the hyperproliferation of IB's colonies might be detected by neighboring LF in the rat intestine.
The microflora consists of 10 14 bacteria of 400 different species that generate intense metabolic activity and play important physiologic roles in the adult human alimentary tract [3, 21] . In general, the amount of bacteria in the alimentary tract increases toward the distal end, reaching up to 10 12 /g bacteria in feces [10, 15] during the transit time of the chyme, which is 4-6 hr in the small intestine and 54-56 hr in the large intestine of healthy human [9] . The large amount of bacteria in the chyme is thought to originate from the indigenous intestinal microflora on the alimentary mucosa. Indigenous bacteria live symbiotically and their composition is almost stable in the alimentary tract under physiological conditions [12] . Recently, the narrow apical portions of both the intestinal villi and the domes of mucosal lymphatic follicles (LF) have been speculated to be the constant adhering sites of indigenous bacteria in the rat jejunoileum [7, 16] . However, the adhesion sites of indigenous bacteria have not been histoplanimetrically demonstrated in the jejunoileum or in other alimentary portions of the rat.
The relationship between intestinal microflora and gutassociated lymphatic tissue (GALT) is reciprocal: i.e., the GALT plays a key role in forming intestinal microflora, although details of the mechanisms are still unclear [11, 30] . Indigenous bacteria in the alimentary tract have been considered to be regulated by the frequent replacement of epithelial cells and the secretion of antimicrobial substances such as transferrin, lysozyme, defensin and natural antibodies [4, 26] . However, the concrete mechanism by which bacterial proliferation is regulated in the alimentary tract has never been elucidated in vivo. Recently, the relationship between the proliferation of indigenous bacteria on the follicle-associated epithelium (FAE) and the differentiation of M cells in the FAE of the Peyer's patch have been clarified in the rat jejunoileum. This report speculates that the uptake of their bacteria by M cells might contribute to the regulation of the development of indigenous bacterial colonies in the rat jejunoileum [7] . However, the spatial relationship between the distribution of indigenous bacteria and the mucosal LF throughout the alimentary tract has never been demonstrated. In the present study, we histoplanimetrically investigate the spatial relationship between the distribution of mucosal LF and the expansion of bacterial colonies throughout the alimentary tract, in addition to the detection of fundamental settlement sites of indigenous bacteria.
MATERIALS AND METHODS

Animals:
A total of 19 male Wistar rats aged 7 weeks (Japan SLC Inc., Hamamatsu, Japan) were maintained under conventional laboratory housing conditions. No pathogenic microorganisms were detected in the animal strain. The rats were permitted free access to water and food (Lab MR Stock; Nosan Corp., Yokohama, Japan). The animal facility was maintained under conditions of a 12 hr light/dark cycle, at 21  1C and 50-60% humidity. No signs of disorder were confirmed by clinical and pathological examinations in all animals. This experiment was approved by the Institutional Animal Care and Use Committee (Permission number: 17-04-05) and carried out according to the Kobe University Animal Experimentation Regulations.
Microbiological identification of microflora: Prior to histoplanimetry, the microbial identification of microflora was carried out on the mucosa from the oral cavity to the rectum. Briefly, 15 animals were killed by i.p. injection of overdose pentobarbital sodium (Dainippon Sumitomo Pharmaceuticals, Osaka, Japan). The entire alimentary tract was aseptically removed and segmented into 11 portions. Following longitudinal incision of each segment, the feces and mucus were thoroughly removed by repeatedly pressing it with aseptic soft paper. Then, the indigenous bacteria which adhered to the mucosal surfaces and resided in the deep spaces of the mucosa were collected by scraping with aseptic Q-tips. The bacteria, preserved in Seedtube (Eiken Chemical., Tokyo, Japan), were cultivated and the bacterial species were identified in the laboratories of the Chemotherapy Division, Mitsubishi Kagaku Bio-Clinical Laboratories (Tokyo, Japan) (Fig. 1) .
Light microscopy: After cardiac exsanguination under anesthesia with i.p. injection of pentobarbital sodium (Dainippon Sumitomo Pharmaceuticals), the alimentary tract was gently removed, straightened, perfused slowly with cold Bouin's fixative, and cut into 6 segments: tongue, esophagus, stomach, small intestine, cecum and colon and rectum. Then, each segment was further cut into about 2 cm pieces, and immersion-fixed in the same fixative for 24 hr at 4C. The tissue blocks were then dehydrated and embedded in paraffin. Each tissue block was sliced into 4-m-thick sections along the longitudinal axis of the canal. In the case of the small and large intestine, the tissue block was sliced longitudinally through mesenteric to antimesenteric side. Paraffin sections were stained with hematoxylin and eosin.
Measurement of mucosal LF: The distribution of mucosal LF was investigated using an 20 objective lens under light microscope. The full (100%) lengths of alimentary segments were defined as follows: the tongue from the tip to the root, esophagus from the origin to the cardiac opening, stomach from the cardiac opening to the pyloric opening through the greater curvature, small intestine from the pyloric opening to the ileal opening, cecum from the ileal opening to the cecocolic orifice through the apex of cecum, and colon and rectum from the cecocolic orifice to the end of rectum. The number of mucosal LF was counted in each 5% length of each alimentary segment. In the small and large intestine, the solitary and the aggregated mucosal LF were counted on the mesenteric side and the antimesenteric side on the longitudinally-sliced section, respectively.
Measurement of indigenous bacteria:
The distributions of indigenous bacteria were measured using an oil-immersion 100 objective lens. Each alimentary segment was represented as 100%, as described in "measurement of mucosal LF". The length of each gastric pit in the stomach, each intestinal villus in the small intestine and each intestinal crypt in the large intestine was represented as 100%. In each alimentary segment, the number of indigenous bacterial colonies was estimated, with the existence of an indigenous bacterial colony in a rectangular area with sides constituting 1% of each segment length times 5% of the depth of crypt (height of intestinal villus), counting as 1 point.
RESULTS
Distribution of mucosal lymphatic follicles:
No mucosal LF were detected in the mucosae of the tongue, esophagus and stomach. In the small intestine, the mucosal LF were more numerous on the antimesenteric than on the mesenteric side on the longitudinally-sliced section (Fig.  2a) . The distribution pattern of Peyer's patches and their LF was similar to that of the solitary LF in the small intestine, though the total number of LF in aggregated LF was more numerous than that in solitary ones (Fig. 3a, b) . The dome of LF was slightly low in comparison with the neighboring intestinal villi and was tightly covered with follicleassociated intestinal villi except for the narrow apical portion (Fig. 4a ). In the cecum, the solitary LF were predominantly distributed in the mucosa, whereas the aggregated LF were limited to small numbers (Fig. 3c, d ).
In the colon and rectum, the mucosal LF were also more numerous on the antimesenteric than on the mesenteric side (Fig. 2b) . Solitary LF were more widely distributed than the aggregated LF (Fig. 3e, f) . Both the solitary and aggregated LF were sparse in the proximal colon. Each mucosal LF was located in the intestinal crypt in the large intestine (Fig.  4b) .
Distribution of bacterial colonies: Indigenous bacteria observed on the mucosal epithelia in the alimentary tract were morphologically classified into 18 types: 15 bacilli forms (B1-B15) and 3 coccal forms (C1-C3) (Fig. 5) . The predominant form was the bacilli form, whereas the coccal form was less common (Tab. 1). The correspondence between the results from morphological typing and those from the microbiological identification was failed to elucidate in this study.
In the tongue, type C3 bacteria adhered to the dorsal surfaces of filiform papillae exclusively, whereas no bacteria were detected at the ventral surfaces (Fig. 6a) . In the esophagus, type C2 bacteria adhered to the corneal layer of the stratified squamous epithelium. Some bacteria invaded the superficial portion of the corneal layer. In the stomach, type B1, B2, B3, B7 and B11 bacteria adhered to the epithelium of the most luminal mucosa. More numerous bacteria resided in the nonglandular part than in the glandular part. In the nonglandular part, some bacteria also invaded in the superficial portion of the corneal layer (Fig.  6b) . In the glandular part, a few indigenous bacteria sparsely adhered to the gastric surface epithelial cells of the most luminal mucosa, but did not invade the gastric pits.
In the small intestine, no difference was found in the bacterial distribution between the mesenteric and antimesenteric sides on the longitudinally-sliced sections. Almost all indigenous bacteria adhered around the apices of intestinal villi (Fig. 6c) . The amount of indigenous bacteria in the intervillous spaces suddenly decreased toward the bases of intestinal villi (Fig. 7) . In the areas where type B2, B4-B9, B12 and C1 bacteria colonized at the levels from the apical to basal portions of intestinal villi, the same type of indigenous bacteria also adhered to the FAE of the neighboring mucosal LF (Fig. 8a) . In the area where type B1, B2, B6, B7, B13 and B14 bacteria colonized at the levels from in the apical to middle portions of intestinal villi, the same type of bacteria was never detected on the FAE of the neighboring mucosal LF (Fig. 8b) . In the middle and basal portions of the intervillous spaces, most indigenous 2) The full (100%) length of the small intestine is from the pyloric opening to the ileal opening, that of the colon and rectum is from cecocolic orifice to the end of the rectum. Each value represents a mean  SD.
bacteria did not adhere to the villous epithelium but were suspended in the mucus. No indigenous bacteria were detected in the intestinal crypts of the small intestine. The types and amount of indigenous bacteria increased toward the distal small intestine. In addition, indigenous bacteria adhering to the mucosal LF also increased toward the distal small intestine (Fig. 9) . No relationship was found between the distribution of mucosal LF and that of indigenous bacteria (Fig. 3b, 9 ).
In the cecum and the proximal 30% of the colon, a large amount of indigenous bacteria resided in the intestinal crypts, whereas the indigenous bacteria resided only in the most luminal mucosa in the distal 70% colon and rectum (Fig. 10) . Indigenous bacteria consistently adhered to the 2) The full (100%) length of the small intestine is from the pyloric opening to the ileal opening, that of the cecum is from the ileal opening to the cecocolic orifice through the apex of the cecum, and that of the colon and rectum from the cecocolic orifice to the end of the rectum.
epithelium of the most luminal mucosa, whereas almost all of the indigenous bacteria in the intestinal crypts were suspended in the mucus (Fig. 6d, 10 ). Type B13 and B15 bacteria resided from the most luminal mucosa to the intestinal crypt bottoms in the cecum and the proximal 30% of the colon. These bacteria also adhered to the FAE of the neighboring mucosal LF. In the distal 70% of the colon, type B2, B7, B11, B13 and B15 bacteria resided only on the most luminal mucosa, but never adhered to the FAE of the neighboring mucosal LF.
DISCUSSION
In mice and rats, the proliferative sites of intestinal epithelial cells are the middle portions of intestinal crypts in the small intestine [1, 6] , and the lower half of the intestinal crypts in the large intestine [5, 25] . As newly generated epithelial cells migrate, apoptosis is induced and they are finally shed from the apical portions of the intestinal villi [27, 28] . This migration process of epithelial cells is assumed to be the same in the large intestine. The apices of both the intestinal villi and the dome of mucosal LF are also the sites where indigenous bacteria were repeatedly adhered to the apoptotic epithelial cells and eliminated by the physical and chemical actions of the apoptotic ones [17] . In the present study, the portions around the apices of intestinal villi in the small intestine and the most luminal mucosa in the large intestine, which are also the shedding sites of the effete epithelial cells at the late apoptotic stage, are the constant adhering sites of indigenous bacteria. Therefore, the constant colonization of indigenous bacteria might be principally maintained by the delicate balance of the elimination rate of indigenous bacteria and the bacterial proliferation rate.
In the stratified squamous epithelium, the epithelial cells proliferate in the basal layer, undergo the process of apoptosis as they head toward the corneal layer, and eventually shed off [13, 14, 29] . In the human esophagus, Fas-FasL-mediated apoptosis contributes to the epithelial turnover [2] . The most superficial layer of the epithelium of the tongue, esophagus and nonglandular portion of stomach is the corneal layer, which is an important site of the exfoliation of effete epithelial cells. In the mouse oral cavity, the corneal layer of the mucosal epithelium replaces itself in 2-4 hr, and this replacement is thought to be the most effective mucosal defense [20] . In the present study, the corneal layer of the tongue, esophagus, and nonglandular part of stomach was a consistent adhesion site of indigenous bacteria. In addition, the epithelial cells in the glandular part of the stomach are generated from stem cells from the basal portions of gastric pits to the necks of the gastric glands, and migrate bidirectionally [18, 19] . In the present study, the bacterial adhesion sites in the glandular part are the most luminal mucosa where the effete epithelial cells accumulate. These findings suggest that the most luminal mucosa is a consistent adhesion site of indigenous bacteria through the entire alimentary tract, and that bacterial colonies of the most luminal mucosa might be the origin of indigenous bacteria in both the chyme and the gaps of the mucosa in the alimentary tract. Almost all of the domes of LF were incompletely covered with adjacent mucosa in the rat and human Peyer's patches and the rabbit appendix [7, 22, 23] . We also confirmed that the mucosal LF were incompletely covered with follicleassociated intestinal villi and intestinal crypts in the rat small and large intestines respectively. In the small intestine, the FAE of the domes, whose heights were slightly lower than those of the intestinal villi, was situated at a level outside of the intestinal crypts, whereas the FAE were embedded in the intestinal crypts in the large intestine. In B, basophilic; wB, weakly basophilic; wB-C, weakly basophilic center; wB-E, weakly basophilic extremity; wB-R, weakly basophilic rim; Ch-C, chromophobe center.
cases in which the indigenous bacterial colonies expanded into the shallow intervillous spaces or did not expand at the most luminal mucosa in the large intestine, the same morphological type of indigenous bacterial colonies never adhered to the FAE of the neighboring mucosal LF. In contrast to this, in cases in which indigenous bacterial colonies expanded into the deep intervillous spaces in the small intestine or filled the lumina of the intestinal crypts in the large intestine, the same type of indigenous bacteria also adhered to the FAE of the neighboring mucosal LF. In addition, no indigenous bacteria invaded into the lumina of intestinal crypts in the small intestine, whereas indigenous bacteria colonized in the lumina of the intestinal crypts in the proximal large intestine. The uptake of bacteria by M cells is thought to contribute to the regulation of the expansion of indigenous bacterial colonies in the small intestine [7, 16] . Therefore, the present morphological and histoplanimetrical data suggest that mucosal LF might monitor the development of bacterial colonies in the small area around the LF in the rat small and large intestines. In the present study, the lumina of intestinal crypts were filled with indigenous bacteria from the cecum to proximal colon, whereas no indigenous bacteria colonized the intestinal crypts in the distal colon and rectum. In the cecum and proximal colon, fermentation results in the production of large amount of short-chain fatty acids and promotes rapid bacterial growth, whereas in the distal colon, the bacterial population is close to static [12] . Various defensive factors such as the kinetics of epithelial cells and the secretion of antimicrobial substances and natural antibodies have been hypothesized to be involved in maintaining constant numbers and balance of indigenous bacteria [8, 16, 17, 24] . Therefore, the present data suggest that the regulation mechanism with various defensive factors in the proximal colon might differ from that of the distal colon and rectum.
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3) The mean number ( SD) of total mucosal LF was represented in each 5% length. Fig. 9 . The relationship between the total points of indigenous bacteria on the mucosa (light columns) and that on the FAE of mucosal lymphatic follicle (LF) (dark columns) throughout small intestine. 1) The mean number ( SD) that the existence of bacterial colony is counted as 1 point in each square area with 1% of horizontal length times 5% of height of intestinal villus, is represented in each 5% horizontal length.
2) The length from the pyloric opening to the ileal opening is represented as 100%. Fig. 10 . Distribution of indigenous bacteria in the intestinal crypts of colon and rectum in rat. 1) The length from the crypt orifice to the bottom of crypt is represented as 100%. The right photograph is an intestinal crypt whose length is consistent with the 100% in the left graph. Indigenous bacteria (arrowheads) are suspended in the mucus in the crypt lumen.
2) The full (100%) length from the cecocolic orifice to the end of rectum is represented as 100%. Each value represents a mean  SD.
